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ABSTRACT

An experimental study-iés:pﬁ‘formed to- determine the

B T TN

'ngtuté of the disturbance to thé'fres;atream‘densﬁty in ‘the
vicinity of the leading edge of a ?aégéu A number of vwédge
anglesvgnd leading edgé thicknesces, vere chosen 8o: a5 to examine
the effect of géometry, The :developu nt of & modulation technique,
wherein a two-dimensional wedge we. trahsformed into a Spinning
‘four-sector disec, allowed the quan: .ty Ap = o{xy¥) - p_ to be
‘measured direetly with an accuraca‘@omparable to that normally
attained in a measurement of p, T'@e experiments Qg:é-pgnformed
in. a free jet flow field.

The principal conclusidus of this study are :

1, The appropriate scadlang length fox upstream disturb-

; - anecs is-%bf’ the body-free strnan mean-freé-path,
2, A neglipgible inflmece of leading edge bluntness
on upstream density requires thut the leading édge thickness
.ohey the relationship :
TL.E« €k Abfysw’
3. Upstream influeace is strongly affected by both

T and uw, the éedge total angle,,

L.E. .
4., Liniting on-&xis values Tor Ap/p corresponding to

g, 0) have becn

determined by extrapolation for various values of X/

At x = 1 Abf’ (8p/p)

the infinitely-thin flat pldte case (w + 0,

be upstrean,

flat plate is ~ 5%.
5. When the disturbance region is scaled by Abf over
a distance downstreum of the leading edge equal to ~ 1 A

uf?
experimental date which cover the range 6 <M < 26 and 0,25 <

Tb/Tc < 1.0 shkow good agreement., In addition, Monte Carlo
results for M_ = 13,‘Tb/To = 0,1 exhibit ‘equally good agreement.
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| NOMENCLATURE
Symbo}s
c Average thermal ¥elocity
D Effective diameter of free-jet orifice
I Intensity
M Mach number
n Number density
P Pressure
S Specd ratio = -JL—~=¢4¥t4
/EEE 2
3 Viel Relative velocity between & frée stream molecule
? ' and a molecule emitied by the body.
| X Length coordinate parallel to free stream velocity
EK Yy Length coordinate perpendicular to free stream
velocity
3 A Mean free path
§ p Mass density
| bp P~ DN
% ] CcXlision cross section
f T . Thickness

Total vedge angle
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L.E. Leading edge '

- Free streanm .conaitions

b Body (model) -conditions

br Collision between & "vody" mélg;uye and & cloud of
free-stream moYecules

0 Stagnation conditions

b Collision between a free-striam molecule and a

cloud of "body" molecules
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INTRODUCTION R -

The hypersonic TloWw aver a flat plate with sharp
leading edge has bnen studled extensively during the past ten
Years$rfhﬂ 1ntercﬂt 1n thls problem results from the fact that
& proper doﬁcrlptlon of.such & flow fieXd in what have now been
termed the “klnetlc" aiig’ ”tran31tlonal" xegimes “(possibly also~"
the early stages of the ' merge@wlayer rgg*me)\cangot be provided
by the Navier-Stokes equations of coniinuum gas dynamics,
Experimental evidence and the résults 5f certain approximate
theoretical treatments -(see, 2.g., Refs., 1~%7) have thercfore
been :employed to construct a variety of flow modéls £ r these
ion-continuum repimes,

Whereas thecoretical studies of the problem Lave
alwvays dezlt with infinitely thin flat plates, it has long been
réalized that in an ekxperimental situation the shape of the
leading edge may have & marked influence on the development of
the flow above the pldate, The criteria employed in many early -
studies which concentrated on the strong and weak interaction
regions can be summerized 4% follows

If the ﬁgdge angle is :smaller than .the Mach angle and

if the wedge is "aerodynamicelly" sharp (i.e. thickness

of wedge not large compared to'a free-~stream mean-free-
path), then the influence of the edpe geometry can be
neglected,
Considerable evidence exists to support the view that such .2
eriteria are not adequate when attention is focused on the
regions forward of and including the merged-layer regime, This
is easily visualized when one considers that the molecular fiux
to the plane of the leading edge is of order S_ times larger
than the flux to the plane of the plate in the vicinity of the
leading edge. In addition, if one focuses attention on the
region upstream of &nd near 4o the plane of the lecading edge,
it is scen from angular considerations that virtually all
reflected molecules found in this region come from the lcading

edge and not the upper plate surface, Finally, the lower surface




e

WW‘;"T?‘:WF‘?""" SRR

of all "flat" plates with tinite bevél angle will always
contribute more strongly to the flow disturbance immediately
upstrean of the leading ecdge than will the .upper surface,

Thus, it is clear that leading edgc geometyry; i;e.”
thickness and bevel angle; must affect the flow urstrcam of
the leading edge and therefore must influencc the initisl stages
of flow field development along the plate.

Previcus studies which have contributed specific
infermation regarding the effect of geometry on the upstream
influence (or on the downstream region a fev mean-free-paths
from the leading cdge) are briefly summarized in the following
paregraphs,

Becker and Boylan (Ref. 1) investigated the effect of
vedge angle and leadinpg edge thickness with the aid of impact
probe surveys downstream of the leading edge of & flat plate
in a hypersoniv flow,

Hiékmen {(Ref, 2) hes made density surveys with an
electron beam probe vpstream and downstrecam of the leading edge
of two flat plates with markedly ‘different geometries. In
addition, he hac also surveyed the flow on the wedge-side of the
same flit plate (Ref, 3).

Joss and Bogdonoff in two scparate papers (Refs. h, 5)
have presented experimentel data obtained with an celectron beam
probe, radiating hot wires, and surface pressure taps, in the
vicinity of the lcading .edge of a sharfy flat plate, The effect
of leading edge thickness was investigatad,

Vidal, Merritt, and Bartz (Ref. 6) have presented
surveys with a speed-ratio probe upsStream and downstream of three
different leading~edpge configurations,

To our knowledge, no theoretical studies have been
perfornmed to study the effect of edpe peometry on flow field
disturvances, However, as Vogenitz, Broadwell, and Bird (Ref, 7T)
point out in their Monte-Carlo treatment of the infinitely thin
flat plate, "A few flow features (of the Monte Carlo results)
are not in agreement with the (experimental) data, and it may be
that the deta are influenced by factors not represented in the

s s
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" and in the early stages of thé kinetic repgion. To be considered .

theory., In particular, léading edge thitknesses: small compared

_to A_ and small lower surface anglés may still havé important .

effécts on -high Mach numbér léading edge flows", (Notes in
parentheses 'are ours).

The previously-ciied experimental studies, in our
opinion, have not provided sufiiciently precise flow-field
information -under suitable eonditions to permit o systematic
study of the effect of leading edge geometry on flow-field
development in the vieinity of the leadinp edge. The objectiie
of the present research work is thus to provide further expesi>

mental date on the density disturbance ahead of tThe Ieading edge

useful, the results are required to have sufficient jrecision

and to represent propérly selected corditions such that & syste-

matic analysis of the effect of leading edge geometry on fiow
field development can be achieved. .

In briel, a mapping of the flow density around the
model was performed with an electron beam fluorescehce probte.
(Ref. 18). A "modulation" technique was developed to improve
the accuracy of relative density meagurements determined with
such an instrumené. The objective of this technique is to obtain
directly the guantity of interest, namely dp(x,y) = p(x,y) = p
with  an accuracy comparable to the steedy state measurement of
p(x,y). The hypersonic low-density flow §as produced by a free-
jet expansion., The models were vedpges symmetric with respect to
the flow axis. A wedge was chosen rather than an asymmetric flat
plate beécause it was fel% that a qymmetric arrangemnent was more
appropriate for a systematic study. The effect of different

total wedge angles (w) and ieading edge thicknesses { ) on

T
L.E.
Ap wes studied, By extrapvlating the results 6 the case w + 0

and * + 0, the nonditions which 2pply to zn infinitely thin

'I’.El
Tlat plate can then be renlized,

The followinp sections dcscribeiﬁhe principle of the
moduliation technique and its operation in practice, the results
of density measurements in the vicinity of the leading edge
region for a variety of wedges in a hypersonie flow, and the

conclusions drawn from theseé results.
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DESCRTPTION OF EXPERIMENTAY ARRANGEMENT

A, Principle of Moduletion Téchnique
The basie quentity of interest at any point (x, ¥)

ifi- the flow field relativeé to the model is

R A AN
0 T 0

«©

which; in vords, may be expressed as

‘Pdiévurbed Prreestrean

or Puith model  "uitpout rodel

\ .
Pereestrean Pwithout mor.ed

With the classical method, employed in all earlier experimental
work, this quantity has been obta‘ned by performing two steady
state measurements with an electron beam probe yielding Paisturdod
and P rreestroan separately. Because of instanbilitics and noise
problems inherent in the operation o4 an electron-beam probde,
such measurements nave a limited accuracy. In regions where
P aisturved ond Poiociréan differ only slightly from one another;.
the relative error in Ap becomes sSo large as t¢ prevent the
observation of any detailed flov varietions, For the present
study a new measurement techndaue has been developed to overconme
this basic limitation., The objectives of this method are two-fold :
- t0 bring out directly the magnitude of the disturbdbance, Ap,

with an accuracy comparable to that achieved when measuring P, }
- to obtain Ap and P simultancously.,

The principle underlying the technigue is as follows :

if the model can be broupght in and out of the flow periodically,
the density probe will measure, during one half-period, p

with model?
during the next half-period, o

i ™e At v
without model (iieey p,). The onpti

* tude of the square wave variation is thus directly proportisnal

to the desired quantity, 6p. Teking advantage of synchronous

Vot
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detection techniques (lock*inramplificatigna, the accuracy of
the difference measurement becomes comparable to the nccuracy

of an absolute one. In éssence; one repeats two absolute measure-
ments a great many times and takes the average ¢f the difference
over o long period, The D.C, éomponent of the signal «can be
measured simultancously with the amplitude of the modulation..
From these two picces of informstion, the ratio Ap/p can be
immediately computed. The procedure is outlined schematically

in Fig. 1. Another advantege of this method is that the result
is insensitive to changes in the response of the deﬁsity probe
because they would act simulteneously on the quantities B and C
defined in the figure. Thus, the influence of changes (or drift)
in beam current, beam focusing, sensitivity of photomultiplier
tube ‘and optics, etec., is drastically reduced.

Thé use of a lock-in amplifier to measure the amplitude
of the signal sets a lower limit to the frequency with which the
model can be displaced since the instrument's perfortiance improves
with increasing frequency. Mcchanical considerations wilY set an
upper limit, The inertia of any model of rea:onable size excludes
a linear square-wave type displécement, To overcome this problem,
a Yarge-diameter four-sector disc (Fig, 2) replaces the conven-
tional two-dimensional wedpe. With the disc spinuing in the flow,
the desired modulation effect is achieved, providing the differ-
ence between the disc's outer radius and hudb radiug is very
small compared with a mean-free-path, If the extent of the region
of interest in the viecinity of the leadinp edge is small compared
to the dise radius, the disc then approximates a wedge of infinite
extent,

It should be noted that the effect of the transition
time (when the edge of each wedpe sector passes the meesurement
point) is not proportional to the ratio of transition time to
rotation period (as on¢ might expect at first glance), but
rather to the square of this gquantity and thus the transition
effect can safely be neglected, This is due*to the manner in
which the lock-in emplifier treats the signal - it is essentially

multiplied by a sine-wave in phase with the angular rotation of




the dise. Thus, just at the transition point, the signal is
multiplied by a very small ractor (sinc-wave walue close to

z2ero).

B. Experimental Setup

The experiment was arranred in the V,K.I. Low Density
Wind Tunnel (Ref. 19). A photopraph of the installeticn is
shown in Fig., 3, Bach wedge-shaped disc model was mounted on
g shaft which in turn was pearcd to the axis of a heavy-3duty
synchronous motor. The rotation rate of the models vwos choscn
to be 15 Hz; thus, the moduwlation frequeney vas 30 Hz (tvo
"leading edpes” per disc). Phe model axis cen be veried vith
respect to the flov axis so that for examrle the flow around 2
flat plate with bevel angle @ may be studied with the same model
previously used as 2 wedpre of totsl angle w, A sipnal
proportionrl to the rotational frequency, used ac the reference
frequency for the iock-in ampirifier, is provided by a resolver
fixed to the modcl shaft,

C. Electron Beam Probe and Associated ¥Yleelronics

The fluorescence of an cleciron-bean is employcd to
measvre density. The beam is created by an oxide~coated TV-type
gun loecated in a prun chamber separatled from the tunnel embient
pressure by a two-stage differential pumping system. The epticoal
detector counsists of a lens-slit-flexible lipht puide - photo-
multiplier assembly (Fig., k). The gun chamber and optics ore
nmounted on & three-dimensional traversing mechanism located at
the base of the tunncl., The accuracy of the short-ranre posi-
tioning system is better than 0.1 mm. The photomultiplicr is
fixed on the outside of & vindow in the wall of the tunnel and
is kept ot room tomperature,

As the sipnificant pgradients in density occur in the
axial flow direction ard as the beam has ap unknown intensity
distribution over its ncarly ecireculor crors-section, sn "effective"

bean diemcter has to be determined 4o delineaste the volunme to
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which the measured density corresponds. This was done by using
the spinning disc as & Xirifc edge as shown in Fig, 5. The
electron current collected by the Faraday cup was reccorded as
the beam was moved axially across the disc-cdge. The profile is
seen to be symmetric and quite linear in the central region, This
indicates that the current density over the majority of the beanm
cross-§ection is nearly constant, The test also demonstrates ‘that
the irpingement of the electron beam on the sharp edge of a metal
surface does not result in a noticeable deflection of the bcean,
at least up to the point of Leam impact.

The electrén beam was opereted during most of the tests
reported herein at 17 kV and 200 pamps cup current, Typically,
the cup current can be held constant to within #3% by manually
edjusting the grid potentiel. However, es noted carlier, such a
variation is not important since absolute intensity (i.e., pw)
is measured simulteneovsly with the fluctuating component (i.e.,
bp).

The system which scnses the intensity of fluorescence
is shown schematically in Fig. 2 where th: essential components
are
- photomultiplicr (EMI 9502 S)

- electrometer (KEITHLY 610 B) for measuring the D.C. component
of the signal

- low noisc pre-amplifier plus filter (PAR CR-l) for blocking
the D.C, component and reducing excessive A,C, noise at
frequencies other than 30 Hz

- lock-in amplifier (PAR JB-5) whose resd-out is proportional to

the amplitude of the A,C, component of the sipnal,

D. Models

Four-sectoxr discs having & diameter of 30 cm serve as
the models, Because the extent of the test region is small with
respect to the curvature of the edge, the model epproximates an
infinitely long wedge with straight leading edpe. The portion of

the dise which has a wedge-shaped cross-section extends for at

o™
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least 5 cm behind the Jecading edge. It can be easily appreciated
that high precision is required ip machining each disc. Over

the complete circumference, the maximum varietion: in leading
edge thickness is 0,02 mm, the maximim variation in wedge angle
is 0.2°, and the mnxﬁmum variation in disc radius is 0.05 mm.
The models were aligned by running a needle, with its point on
the dxis of the flow, alonp thé cut in the disc at the edpge of

a secctor starting from the center of the leading edge. Mis-alipgn-
ment with the flow axis was held to well under 0.5° by this
technique, No asyfnétry in dcnsity profiles at & fixed upstream
position was evar Getected within the limits of data scatter;
thus, the alignment technique was sufficiently preecise for the
present study.

The discs are costed with praphite to reduce both
optical reflection and the emizsion of sccondury elecirons
resulting from the impinrement of tie beam on the disc surface
when the region downstrean of the leading edpe is under inves-
tigation,

A number of different models were employed spanring
the folloving renges for the two variable georetrical parameters
(see nlso Table 1) :

Leading ecdge thickness : 0,05 mm ¢ T LF € 0,5 mn

Weldge total anple @ 6° ¢ w < 20°

E. Flow Field

The flovw field cerployed for thesde studies was a free
jet expunsion {(Ref, 20), Using the electron beam fluorescence
probe, a number &f experimcnts were performed to determine the
useable repion of the expansion, Since all axial flou-field
pararmcters are conditioned by the sternation pressure (pg) end
the position in the free-jebt (x/D), their useful range is
determined by requiring thet
- the upstrean irflucnce of the Mach-disc should produce no more

than a 2% deviation betwcen the experimentally mecasured density

end the theoretical inviseid value at the measurcement station

~an
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- the correction to flow field parameters due to viscous effects,
freezing, and condensation should be small because of the
inability to predict them accuratly. Condensation effeéts are
indeed negligible using griteria sdvanced in Ref. €71,
Furthermore, the other effects are of secondary importance
for the present protdem. The density disturbance field is
strongly conditioned by collisions beétween molecules reflected
from the surfaces .6f the wedge and incoming molecules., The
scattering characteristices of this collision process are
primarily a function of the velocity and direction of the two
classes of molecules. For the molecules leaving the bvody these
quantities are determined by the wall temperature and orien-
tation; while incoming siolecules are all close to terminal
velocity in any case, if tthe flow it hypersonic. In any cvent,
the correction to the Mach number as given by Ref. 22 was kept

"less than 5% for all conditions of py and x/D considered., It is
possible that moderate rotational freeczing (Ref., 23, 2h) occurrsd
upstream of the measurement poin% in some cases, but always
downstream of the point where the flow was already hypersonie,

In summary, the ranges 'of the relevant inviscid

theoretical flow parameters in the cxperiments reported herein are
- Gas % air

- Stagnation temperature : room temperature (~ 300°K)

Mach number : 6 - 11 (Speced ratio : 5 - ¢ )

Free-strcam mean-frec-path : 0,5 mm - 3.0 nm

-~ Orifice diameter : 5 mm,

A complete list of flow-field properties for the different runs

is given in Table 1. The test region extended from 1 cm upstream
to 0.5 cm downstream of the leading edge. The magnitude of the

axianl variation in frec-stream flow properties over this region
is also given in Teble 1.




- 10 -

F. Calibration

The proportionality factor K between the output of the
lock-in emplifier and the amplitude of the :density disturbance
(Ap) must be determined by a suitable calibration, Two methods
vere employed :

1. Using a function generator with & variable D.C., bias, a square-
wave signal of known amplitude wgs fed 'into the electrometer,
The amplitude of the square wave and the -average value of the
signal were changed independently ~nd the electrometér and
lock=-in outputs were recorded. The results, normalized by the
average value, are plotted as closed circles in Fig, 6.

2, In the process of making an experimental run, the periodic
change in the signal, for paints close to the leading edge,
is strong enough to be measuréed with an oscilloscope connected
between the output of the electrometer and the input to the
preamplifier, The results, normalized by the average value of

method 1, are shown as open circles,

Comparing the results from 4these two calibration methody.
the followving conclusions can be drawn :

1. Thﬁ proportionality factor is constant over the entire range
of 8p/p.

2, Although the signal on the oscilloscope in the second method
is noisy, the R.M.S, deviation in the value of K is less
than 2%,

3. The average velue of K determined by each method is virtually
the same, Since method 2 employs the spinning disc and
method 1 does not, this result indicates that the disturdance
is not distorted by the use of a sector disc and that
transition effects asscciated with the edge of each sector
are indeed negligible,

Method 2, which provides @ direct calibration in a
true experimental situation, was used systematically in the
experiments and provided a check on the stability of the system,
A third method was used occasionally : the beam may be chopped

completely when moved downstream of the leading edge. By focusing
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on ‘& point above the wedge (the beam emanates from below), the
resulting signal is such that the emplitude of the modulation
‘Hlust be equal to twice the D.C. component, The results of this
test correspond to a single point on Fig, 6 (with toutal spread
indicated). Thus the ratio of the Lock-in output to the electro-
meter output under this condition provides.a simple check. on the

calibration constant,
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EXPERIMENTAL PROGRAM

A. Test Procedure

A number of preliminary experiments were performed
to determine the regions in the flow where no spurious effects
cccurred due to the particular experimental arrangement.

1, As state( earlier, the free-jet was probed in the absence of
the model and thus the useable test region in the axial
direction was delineated according to the criteria .mentioned
in the section entitled "Flow Field", It was also verified
that the density varied radially by no more than 2% over the
extent of the test region.,

2, The minimum detectable upstream influence from the shaft and
hub region of the disc was found expéerimentally to be far
downgtream (i.e., many tens of mean-free-paths) from the test
region,

3. A measurement of the fluorescence very close to the model

surface with no flow {(but with the model spinning to enable

very small signals to be recorded) may indicate a finite 4p
when no signal should be observed at all, This result is
clearly due to the combined effect of optical reflection and
beam impingement on the mndel (for regions behind the leading
edge). The extent of the test region was therefore alvays
limited to that portion wherein the error in Ap/p so intro-
duced was less than 5%,

The final data were recorded by performing a large
number of radial scannings at different axial distances from the
leadinpg edge for each model, By cross-plotting the results a map
of the density disturbance over the entire test region may bve
constructed, The density disturbance, 4p(x,y) is normalized in
each case by the local frec stream density, p_(x,y). For a given
model, different maps were produced by varyinpg the stagnation
pressure so as Lo change A_, and by varying the leading edge
position so as to change Mach number, Althohah the Mach number

was varied from 6 to 11, most of the data presented are for
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M, = 9, No Mach wnumber effect was evident in the tests reported
herein, - ’

B.jResults

An example :of a typicsl set of :data is shown in
Fig. ?. Each datd point is the unreduccd output of the lock-in
amplifier, The radial profile g¢xtending equally far on both
sides of the axis indicates that the /dsturbance; -Ap, is indeed
‘symmetric. Full radied profilés were recgorded for .each model as
a check on alignment. It shouwld be noted that the scatter in the
results is reasonably lov even f£or the smallest value o. the
disturbance. The profiles oil exhibit a single maximum on the
axis, even for the éase of the wedge with the smallest total
angle (6°) and leading edge thickness (0,05 mm),

Figs, § and 9 present two examples of a two~dimen-
sional disturbance map, The flow conditions are indicated. In
Fig. 8, the case for the smaller mean~free-path, initial stages
of the formation of a shock wave downstream from the leading edge
are clearly seen, Note also that the region of maximum gradient
occurs in a plane passing through or slightly behing: the leading
edge: The disturbance to the free stream é-nsity is seen to
exist many mean~free-paths upstream of .c leading edge.

The on-axis upstream infiruence produced by four
10° wedges with distincetly different values of leading edge
‘thickness (ranging from 0.0% mm to 0.90 mm) is shown in Fig. 10,
If the decay is linear on a semi-log plot, it has an exponehtiel
dependence vhose e-folding length is of interest. Thus, based
on the particular cxperimental conditions, fTour straight lines
are dravn on the figure whose slopes correspond to e-folding
lengths of X _, A h% 2 A e and A (taken roughly as Sdpp ~

bf bt
see, e.g,, Ref, 16),

1) The quantity Aps is the mean~free-path of & molecule leaving
+the bvody in question and collidi=g with & frec-stream molecule.,
It is defined as :

(see next page)

. rf'i{ .




It is noted that the experimental curves for ‘the

vedges: with the two: smallest values of Ty, g, &Fe quite straight,

are parallel to one another. and have e-folding lengths of
£ 2xb~f’ L"E"’
‘some curvature is evidenced, :although restricting one's attention

For the cases involvirg the larger values of t

to the region very close to the leading edge, an e-folding length

of = 2 be

the géneral case is not a simple multiple of Abf) seems not to

might still be coirjectured, At any rate, A_ (which in

‘be the appropridte s:aling léngth, based on these results and
éthers in which Abf/ktp varied from 1.3 to 1,8, In addition,
obvious theoretical considerestions result in the rejection of A
as an appropriate scaling léngth for this type of problem and in

fect reinforce our feeling that A is a more reasonable choice,

bl

We will use A as o normalizing factor in much of what follows

and will commzit further on iIts utility later on,

Lines of constant idensity for wedges with different
total angles and leading edge thicknesses (normalized by Abfx
are shown in Fig, 11 which presents selected exanmples from a
large quantity of data, The contours are determined by appropriate
ecrosgs=olotting from data used to construct figures similar to

Figs. 8 and 9. The influence of 7 and ©w on the disturbance

L.E,
field is clearly seen and follows the expected trends, It would
be preferable to draw each contour line with a finite width

to illustrate the uncertainty in these results. The positions

g¢orresponding to Ap/p of 2%, 5%, and 10% on the axis for the case

&
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where o(|vrel|) is evaluated using the intermolecular potential,

derived Trom viscosity data, givea in Ref, 25 at a temperature
appropriate to the relative veloeity of the colliding species,
Its cvaluation depends on the angle between colliiding species,
Under the conditions encountecred in these experiments, the value
of A for a head-on collision differs by only ~ 204 from the
valuc for a right-angle collision and thus an average of the two
is employed herein wnless otherwise explicitly stated. It should
be noted that Abf/Am varied from 1,3 to 1,8 in these experiments,
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where the géometric variables ere extrapolated to zero ‘1D.E.~» 0;
w + 0} are shown in %he lower-left square, This point will be
discussed Nlater,

In Fig. §2, the variation of Ap/p with the paraneter
Abf/TL.E. is presentéd for two different apatial locations
upstream of the leéading edge and for threc different wedge angles
as well as for o f£lat plate with bevel sngle of 6°, Distances
are normalizecd by be‘ It should be stressed that the values for
the abscissa were arrived at by choosing different values of both
Abf (i.e., ‘the results of tests with d¥fferent py's) and L.
{i.e., the results of ‘tests with aifferent "discs" having the
same valde of w but varitous values of TL.E.)' This faet accounts
for the greater degrec of scatter then is observed on a density
map around a single vedge at one specific set of flow conditions,
Nevertheless, the ‘trends are clear : a decrecase in LR, results
in a decrease of Ap/p; likewisr, an increase in w results in an
inecrease of 4o/p. Note the importent influence of TL.g. °0 Ap/p
even when TL.E. << Abf’ |

Similar plots ‘have been made at nearly a dozen
normalized distances ppstifeam of the leading edge. A selected
set of such plots "is shown in Pig., 13. Again, the striking feature
of these plots is the marked influence of the leading cdge
bluntness on the density disturbance in repions many mean-free-
paths upstream from thé leading edge. Looking, for instance, at
a point (x/Abf = 1, y/kbf = 2) for w = 10°, it may be concluded
that if Ap/p is to be within ~ 20% of its limiting value for
.5, 0, the ratio Abf/TL.E. must clearly be larger than 50.
This implies that the distance from the leading cdme at which
finite bluntness is no longer important must be much granter
than 100 7, o . In general it may be concluded that Abfer.E.
must be at least greater than 50 in these experiments if the
effect of TL.g. OB Ap/p is to be small,

this conclusion appears ¢to support the conjecture
by some researchers {(e.g., Ref. T) thel the condition for
"sharpness" is much more strinpgent than sinply TLop, S A,
Rather, when one considers ‘the relative role played by the blunt
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leading edge and the upper (and lower) surfaces of a plane plate,

L.E. < Yp#/Sa
se:m8 theoretically more valid. As our results suggest that

teking into account angular effects, the conditior t

Abf/TL p, Must be clearly .greater than 50 (perhaps as large as 100)
before thé influence of 1 ow Ap/p upstream is negligible for the
case of S_ = T; i,e,, (TL.E. Swlxbf)exp € @(0.1); they lend
support to this more stringent criteriom,

Some caution must be obsérved in assessing these

results, however, The smallest values of A are of the same order

8s the diameter of the electron beam; thusbgatn points in regions
of larre gradients must be considered as represcenting some king
of overall average value for the quantity Ap/p. Tn addition, the
models with the minimum leading edge thickness (~0.05 mm) may have
oeen characterizeéd by a variation in leezding edge thickness of

as much as *0,01 mm, The data points corresponding to these walues
of TL'E‘ thus are representative of some kind of average velue

for L., vhere the stress is on the word average., In our opinion,
neither of these factors could be responsible for a qualitative
change in ‘the results, However, a precise quantitative inter-
pretation of the data is probably not justified, particularly

when Ap/p < 2%,

The upstream influence of an infinitely-thin flat
plate cen he determined in principle by extravolating the results
of the wedge data to the limits of w -+ 0 angd TLp, T 0. Since
only three wedge angles (6%, 10°, and 20°) were examined in this

study, end since & variation in Ap/p with «t at a given station

is ’'still observed foﬁ‘xbf/rL.E. 2 50, the cgﬁfiusions of such
‘4n extrapolation must be viewed %ith caution., However, they do
represent the first experimental results which can be compared
unambiguously with existing theoretical treatments (e,r,, Refs,
T and 9), all of which are valid only for the infinitely-thin
1At plate, Tae extrapolated values for Ap/p at three different
upstrear locavions are shown in the lower left graph on Fipg., 11
and are cited on the next papge :
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dp/op x/Xy g
n 2% 2.1-2.3
'd} 5% 1.0-1'2 :
'\01{)% 0.1-0.3

The results apply only to the particular experimental - onditions

in avestion {(unless of course AbT is an all-inclusive correlation
parameter, & point which has certainly not yet been proved); i.e.
6 < Mw < 11 (primarily at M_ = 9) and T, = To.

To put the results of the upstream influence
measurements into a form useful %o other experimenters, Fig., 1k
has been prepared which shows the normelized spatial location
-of the "5%" disturbance point (i.e., Ap/p = 5%) upstream of &
wedge as a function of leading edge thickness and wedge total

L'E')’ l‘
the graph shows the axial distance at which a measurable (i,e.,

angle.s For given wedge geometry (specified by w and =

~v5%) disturbance is found, More importantly, the graph indicates
the strong coupling that exists between LR and w. Certain

generalizations can be made for limiting cases., If Abf/TI g, > 10,

then a variation in Abf/TL.E. produces a relatively minor effect
on the upstream disturbance for values of uw > 15° or 20°; i,e.,

the wedge angle dominates. For w to have a small effect on 4p/p,
it is clearly seen that it must be much less than 5°, but the

value of Abf/r must be specified within a certain range

L.E.
before & more precise statement can be made,

An extrapolation of the experimental results to :
w * 0 and 7 + 0 indicates as seen in Fig. 11 that the "s5¢"

L.F,

disturbance point will be found at x/)«bf = 1, Thus, a geometry

a8 extreme (from the machining voint-of-view) as Abf/TL g, = 50

end w = 10° (see Fig. 1h4) will produce & "5%" disturbance at

an upstream distence twice that of the w = 0, LI 0 (infini-

tely-thin flat plate) case,
Figure 1L may also be used in another fashion,

Since each of the two curves represents the spatial location




for a "5%" disturbance, & particular experiment, corresponding
to given Abe.TL.E.° and w, will specify a point on the plot
vhich in general will not coincide with one of the two curves.
If the point lies to the ight and below a curve corresponding
to & given value of X/kbf, it means that the density disturbance

at the given value -of x/X . will be morec than 5%. Conversely,

bt
if the point lies above and to the left of the curve, the
density disturbance vill be less than 5% at the given value of

'X/bea Thus, the figure may serve as an approximate désign chart.,

C, Comparisons with other Results

A precisc comparison of the results presented in
this report with the work of other researchers is daifficult
because few studies have been made with a wedge and none, to our
knowledge, have dealt with the upstreem influence of such a shape.
That the upstream influence of n wedge of total angle o is
different from that of a flat plate of bevel angle w is clear
on physical grounds (the latter is characterizead by en asymmetric
transverse density profile with a maximwm value lying below the
plane of the plete) and is demonstratéd cxperimentally on Figs,
12 and 13 for the case of w = 6°, Hevertheless, a few general
comparisons can be drawn,

Joss and Bogdonoff (Ref, ) find, for the case
w = .29° and be/TL.E. * 30 (where we have computed on the basis
of their flow conditions that Abl,,/kco = 1,6), that Ap/p = 12%
ot x/)\bf = 3. For a wedge having the same geometric parameters,
ve find Ap/p = 6% at x/J\bf = 3, S8ince we have shown that Ap/p
will increase significantly if a wedge of total angle w is trans-
formed to a flat platc of bevel angle w, their results are not
inconsigstent with ours. (A similar halving of Ap/p is found &t
x/lbf = 1 as well : from ~ 50% to ~ 25%).

Lillicrap and Berry (Ref. 12) studied the flow
rield around a 15° bevel~angle flat plate with xbf/TL.l. = 35
(for their c¢ase, we compute Abr/km * 0,8)., They find 8p/p = 5%
at a value of X/Abf = 2,5 and & Ap/p = 20%9-309 at x/Abr = 1,

K
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An exdmination of Figs. 13. and 1k {recalling agein that these
graphs apply only to a wedge) aldd shows thedr resulis to be
consistent with our findings.

In Hickman's experiments {Ref, 2), the wpstrean fiekd
of his 10° bevel-angle flet plate is unohaiged when he replacés
his model with a thin sheet (TL.E' = 0,05 wum) ander tension, As
he does not quote the thickness of his flat ylute it cannot be
determined whether both models might have produced neerly the
; same disturbance simply becausc they were characterized by
' gimilar valuves of LR, Nevertheless, the scatter ip his xesults
in the vicinity of the leading edpge where Ap/p is of order 0%
eliminates any possibility of conclusively settling this point.

(An absolute accuracy of #5% fox p is quoted; thus the value of

<Ap/p)leuding edge
) In the previous section, cxtrepolated results for
the case w -+ 0, g O {the infinitely-thin f%at plate) were

presented. It is of interest to compare these results: with those

could range from 5% to 15%.)

obtained by other experimenters at x/ABf = 1, Fortuitously,

Abf/TL.E. * 30-35 for cach of the Tollowing cases :

© TL.E. oplp at x/Abf = 1

j J+B 20° 0,025 mm v 508
. (Retf, &)
: L4B
' (Ref, 12) 15° v 0,01 mm 20-30%
{ *
; H
i (Ref, 2) 10° 0.05 mm 5~10%
§ . and 0° (for 0° case)
; Present

(extra-~
\ polated) 0° 0 v 5%
H

t 3 . . )
; Hickman does not specify ty p, for his 10° wedge. He concludes,
; as discussed earlier, thaot the upstrecam disturbance for the

two cases reported was the same,
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The. results follow a logical trend and illustrate the

R R

difficulty in producing an experimentel situation which approxi-
mates the theoretical case of an infinitely-thin flat plate.

It vas mentioned earlier that one set of density profiles
was recorded for the case of a flat plate with a 6° bevel angle

and a A 15, This test was carried out so that a direct

v/ 1.5,
comparison of our results could be made with those obtained by
other investigators who heave concentrated on the flat plate

problem. The region examined was from 3 to k A__.'s upstream to
12 Abf

for values of Abf/TL g, 8s large as 75, but only extend to

b
's downstrecam of the leading edge, (Some deiLa were recorded

2-3 kbf's dovnstream of the leading edge). A "5%" disturvance
line (which might be called the boundary of the disturbvance
region) was then constructed,

Vogeritz, et. al, (Ref. 7) have compared their Monte
Carlo (M.C.) results (see their Fig. 6) in the format of a 5%
| density disturbance linc on a (x/kw, y/zm) disgram 4ith the
: results obtained by Joss, Vas and Bogdonoff (Ref., 26) and Becker
(Ref. 13). The former dava show poor agrecment with the M.C.

results, but this may have been due to an unforiunate choice of

data because & loter paper by Joss and Bogdoneff (Ref. L) presents
g results which shev reasonably pood agreement (£107) with the M.C.

results, except near the leudinyg edpe where the cxperimental

Ty

R}

results show a thicker disturboance region. Our data and that of

Lillicrap and Berry (Ref. 12) show a "54" disturbance extending

Uil U

much farther away from the plate than predicted by the K.C. theory
( foughly 75-100% in the former case and 25-35% in the latter case).
Note that our data represent a "hot-wall" case ('1‘b = Tg), Lillicrap

TR

and verry's & "cool-wall" case ('l‘b

“ "cold-wall" case ('1'w = 0.25 Ty). The M.C. results were computed

= 0,5 Ty), and Joss and Bogdonoff's

i for the case T, = 0.08 Tp; i.e., & cold wall case.
If all the data wre presented in terms of distances

normalized by A . instead of A_, the agrcement becomes signifi-

bf
cantly better, as shown in Fip., 15, Our data are presenied in a

band to illustratie the depree of uncertainty we feel should be

applied to the results., Except for the data of Jos and Bogdonoff




T ATI R Cha, TR 5 =t e b i 2 oo .
STaVER) Kok ATT Rtk A T il et s = T R

- 214-

(Ref. k), which now define a thinner disturbance region, the
remaining data show remarkably good agreement considering the
wide variation in flow conditions, From these results we conclude
that A . is a more appropriate variable than A_ to characterize
the cxtent of the disturbance region in the vicinity of the
leading edge.

The quantity A, , which is roughly eqiual to S_A for

b bf
the flat plate geometry, has also been discussed as a useful
correlation purameter when examining the relaxation of the free
stream molecules as they pass through s cloud of body molecules
(Ref, 16). This picture sugrests that distan  normal to the
pps Dut that

distances parallel to the plate mipght be nornmalizcd by Afb'

flat plate should continue to be normalized by A

The results are shown in Fig. 16, A mejor improvement in correc-

lation over rouphly one A is secn Lo occur, particulerly with

Io
respect to the Jos and Rogdonoff (Ref, L) results., The upstreanm
reglion is less well correlated, but perheps it should be consi-
dercd as part of the disturbance field and therefore perhaps the

upstream d&istances should be normalized by A as before,

The agreement between the oxperimcgial results (all
for a diatomic gas - N,) end the M.C. results (monatomic - hard
sPherc) are probably to some extent fortuitous, =lthough ore
might be tempted to argue that a quentity such as density -
particularly when one is looking for the spatial location of a
vweek disturbance boundary - should not be strongly influenced
by molecular structure.

Some ceution must be shown in evaluvating the results
shown in Figs., 15 end 16 because of the necessity 40 convert
the conditions employed by other rescarchers into the parameter
Abf’ It is believed that the conversion factors ere at best only

approximately correet, but they are at least sclf-consistent,

TINRHE
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CONCLUSIONS

An experimental study was performed to determine
the nature of the disturbance to the free stream density
in the vicinity of the leading edge of a wedge. A number
of wedge angles and leading edge thicknesses were chosen
s0 as to examine the 2ffect of geometry. The development
of a modulation technique, wherein a two-dimensional wedge
vas tranformed into a syinning four-sector disc, allowed
the quantity 4p = n(x,y) - p, to be measured directly with
an accuracy comparable to that normally attained in a
measurement of n. The experiments were performed in a free
jet flow field.

The principal conclusions drawn from the resulis

0% this study are :

1. The mean-free-path of & moleccule leaving the body and

colliding with a free-stream molecule, A appears to be

e’
the most satisfactory scaling lenpgth in the upstream region.

2. The criterion Tor a nepligible influence of leading edge
thickness on #he upstresam density is morc severe than earlier
realized. A ratio of Abf/TL.E. > 50 (even for wedge angles

of only 6°) is required to bring Ap/p to within ~ 20% of the

limiting velue found vhen + 0, The criterion,

LB,

TLp. < Myp/Sne
valid on physical grounds for a {lat plate appears to be
confirmed, but further experiments at much larger Mach numbers

are still necessary to furnish finel proof.

3. A strong coupling exists between wedge angle and leading
edge thickness. Unless ¢ is less than 5%, it appears nearly
inpossible to reduce the upstream influence to the values

representative of o truly infinitely-%4hin flat plate
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simply by adjusting the leading edge thickness. Although

such a findiné,in conjunction with the conclusion above,

casts doubt on the applicability of virtually all measurcments
previously made within a few mean—-frec-paths downstream of the
leading edge of a flat plate; it should be stressed that the
effeet of an upstream disturbance, which differs from that

due to an infinitely-thin flat plate, on the dovnstrecam

preperties of interest in not known at present.

h. A qualitative chart predicting iLhe extent of upstream

disturbance as & function of and w 18 nov available

Mol T
for use by other researchers. It holds for the case of «
vedge; however, it scts a lower limit for the flat-plate
case as well becausce the on—axis disturbance from a flat
plate is always larger than for a wedge with the same values
of w and TL.E..
5. Limiting on~axis values for Ap/p corresponding to w =+ O
LI 0 (the infinitely-thin flat plate casc) as a function
4 . .

wf position have been determined :

p(
hplo, & TR
N 2 201 - 203
5 100 - 112
N 10 0»1 - 003

6. It is tentatively concluded that Abf is the corrcet
scaling length for the disturbance region upstrecam and above

a flat plate in o region wlich extendas ~ 1 downstream from

o
the leading edge. This conclusion appears valid for cold-wall

and hot-wall hypersonic flows,

7. The Monte Carlo treatment for the case of an infinitely-Lhin
flat plate predicts limits for the dvnﬁif& disturbance repgion
vhich apree with meosurements when Abf and xfb are usoed to
normalize, respeetively, the coordinntes perpendicular and
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parallel to the plate surface.

The folléwing limitations to this study should be

kept in mind :

: 1. The model vas a disc and thus only approximated a 2-D

i wédge. However, the meazsurement zone was small compared to
‘ the disc radius.

2. The flow field was a source flow, not a parallel flow.
Although all Ap's were normalized by the local value of P, >

-,

molecules refliccted upstream werce moving into a region of
increasing p_-
3. The transformation of data expressed in terms of A, to

-data cxpressed in terms of A may be dangerous when all

bf
flow conditions are not precisely knovwn. The results
prescnted by some researchers may have been inadvertently

misrepresented herein for this reason.
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TABLE 1 EXPERIMENTAL CONDITIONS

VEDGE GEOMETRY

et W

Model No. ’ W
1 10; 35°
2 10.5°
3 ( 10.15°
b 10..3°
5 19.8°
6 6.3°
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TABLE' 1 EXPERIMENTAL CONDITIONS (Cont'd)

C. EXPERIMENTAL PROGRAM

1
A B c D B F
i
}
i
; 1 X X X X X
3
2 X X X X X X
1
3 X X X
{
y
h X X
i 5 X X X
; 6 , X X X
! (
A ' 6(2) X X X

b A

(2)

Asymmetric wedge; i.c. flat plate with bevel angle of 6°

=

FaS
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EXPERIMENTAL ARRANGEMENT

Figure " 3
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